There is a considerable amount of evidence that potassium is intimately concerned in the transmission of the nerve impulse from nerve to muscle. Thus Reginster (1938) postulates that acetylcholine, formed by the nerve impulse, liberates K from an organic compound RK and that it is the K thus liberated which stimulates the muscle. Copp6 (1943) has further postulated that curare acts by previously liberating the K from RK and then forming a compound of curare with R. In the absence of RK there is then no source of K available to the acetylcholine for the stimulation of the muscle.
Experiments with Perfused Muscles
In the experiments of series (a) and series (b) a cannula was inserted in the abdominal aorta of a frog and another in the abdominal vein. The renal portal vein was tied off so that all the venous return from the legs passed out by way of the cannula and was collected at intervals for analysis. The technique was in general similar to that described by Fenn, Koenemann, and Sheridan (1940) . The perfusing solution consisted of 3 per cent acacia (dialyzed) in Ringer's solution containing 10 per cent of washed beef red blood cells. The red cells are supposed to avoid edema by supplying plenty of oxygen but they may also have blocked some of the capillaries as indicated by the considerable diminution of flow which occurred in the early stages of the peffusion. The perfusate was collected in small samples of about 2 to 3 ml., which were centrifuged and analyzed for potassium on the flame photometer. Similar analyses were made on the arterial inflow. When switching from the control to the drug solution, the control solution contained in the tubing above the cannula was withdrawn in a syringe so that the new solution entered immediately into the cannula. Care was taken also to obtain a pulsating pressure by automatically interrupting the flow at approximately 1 second intervals. This also is believed to be useful in minimizing edema. In general each experiment consisted of three 1 hour periods, before, during, and after the addition of the drug.
In the experiments of series (¢) a slightly modified technique was used. The perfusing solution contained no acacia or red cells and was pedused at constant rather than intermittent pressure. The object was not only to simplify the procedure but to avoid possible dogging of the vessels with red cells. As a result, the edema was considerably greater in series (c) than in series (a) or (b), the increase in weight being often over 50 per cent. The perfusing solution contained (millimols per liter) NaC1, 111; CaC12, 1.i; KC1, 4 to 5; sodium phosphate buffers, 7 (as to P, pH 7.2). Flow rate was kept as constant as possible at about 0.2 ml. per minute by adjusting the perfusing pressure. Periods before, during, and after the drug usually lasted about 2 hours each. In the tables the experiment numbers are followed by letters a, b, or c according to the series to which they belong.
RESULTS

Experiments with Perfused Muscles
(a) Curare.--The experiments with d-tubocurarine are summarized in Table I. The slight increase in acidity caused by this drug was carefully neutralized to the pH of the control, at least in series (c). The figures given represent the A-V potassium differences (inflow minus outflow concentration). In series (c) the potassium diffused out of the muscles into the peffusate while in series (a), due to the higher concentration of K in the perfusate, the reverse was true. The last column shows the average liberation of K, this being the difference between the figures for the two controls (averaged) and that for the drug period. A minus sign in the last column indicates a relative absorption of K due to the drug and v/ce versa. The average liberation of K is only 0.04 m.eq. per liter which is altogether insignificant. It can be calculated that even the largest liberation of K which was observed represents the loss of less than 1 per cent of the potassium contained in the muscle. Therefore, the method seems to be adequately sensitive but fails to support the theory of of Copl~. If the theory is correct it must apply to minute amounts of K in highly localized spots. choline can be attributed to that drug rather than to the eserine which was simultaneously present. Without curare, the acetylcholine caused a liberation of K amounting to 0.45 m.eq. per liter. When curare was simultaneously present in sufficient concentration to cause paralysis, the liberation of K was only 0.05 m.eq. per liter, which is scarcely enough to be significant. Without the curare, the muscles showed perceptible twitching when the acetylcholine passed through the vesseis, suggesting that the liberation of K is concerned with the concentration rather than with the process of excitation. In other experiments Fenn and Gerschman (1950) have found, however, a liberation of K from nerve treated with acetylcholine; likewise this may have been concerned with some char- acteristic of the response of the nerve rather than with its excitation. The loss of K from perfused frog muscles under the action of acetylcholine was demonstrated also by Kometiani et al. (1945) and by Cicardo and Moglia (1940) . The latter authors also report that the loss of K is intensified by previous denervation of the muscles and that it is eliminated by previous treatment with curare.
Experiments with Excised Muscles
Because of some feeling of dissatisfaction with the perfusion technique, it seemed worthwhile to attempt to confirm the liberation of K by curare reported by McIntyre and King (1944) by a technique more similar to the one which they used. Accordingly, some experiments were tried in which a number of smaU frog muscles (sartorius, semitendinosus, etc.) were immersed for varying periods of time in 200 ml. of Ringer's solution with and without the Paired muscles were soaked for varying periods in Ringer's solution with and without the addition of d-tubocurarine of varying concentrations as indicated (in parts per million). After 3 to 8 hours the muscles were removed, blotted gently, weighed, ashed, and analyzed for potassium on the flame photometer. The results were calculated in milliequivalents of K per kg. of initial weight of the muscle. Figures in parentheses indicate the number of pairs of muscles used in each experiment. The gastrocnemius was used for a single large muscle and for the small muscles the sartorius, semitendinosus, ileofibularis, peroneus, and the tibialis anticus were used. Changes in the weight during immersion varied from --6 to +8 per cent. The drug had no obvious effect on the weight changes. The difference in weight between paired sets of muscles averaged 2.3 per cent and did not exceed 5.4 per cent.
addition of curare or myanesin or acetylcholine. After varying periods of time the muscles were removed from the solution and analyzed for potassium. This method has the advantage over the perfusion technique that the loss of potassium is cumulative rather than being distributed over many samples of perfusate. Alternatively the muscles were immersed in small volumes of solution and after varying periods of time the solutions were analyzed for potassium. The results of these experiments are reported in Tables IV, V, and VI.
In Table IV are shown the results of nine experiments with d-tubocurarine. Details of the experiments are given in the legend. The last column shows the difference in the potassium content of the control and the experimental mus- Matched muscles were immersed in small volumes of solution with and without the addition of 0.1 per cent d-tubocurarine. After varying periods of time the muscles were removed, blotted gently, and weighed, and aliquots of the solutions were analyzed for potassium. The increased amounts of potassium found in the solutions (after allowing for the changes in the volumes of the solutions due to swelling of the muscles) were calculated as a loss of potassium in millieqnivalents per kg. of initial weight of muscle. All the muscles gained slightly in weight during immersion. The gain varied from 0.8 to 6.3 per cent of the muscle weight in different muscles (average 4 per cent). The average difference between two paired muscles was 1.8 per cent and never exceeded 3.5 per cent. Figures in parentheses indicate numbers of muscles used in each solution. The gastrocnemius was used for a single large muscle and the small muscles were sartorius, ileofibularis, tibialis anticus, peroneus, or semitendinosus.
TABLE VI Effect of Myanesin (0.1 Per Cent) on the Loss of Potassium from Muscle
Initial weight of control muscles mg.
(I)
71s (4) Matched palrswere immersed in small volumes of Ringer's solution with and without the addition of 0.I per cent myanesin. After varying periods of time the muscles were removed, blotted gently, and weighed, and aliquots of the solution were analyzed for potassium. The observed increase in the amount of K found in the solution (after allowing for any changes in volume due to movement of water into or out of the muscle) was calculated as a loss of K per kg. of initial weight of the muscle. Changes in the weight of the muscles during immersion varied between --I and +3 per cent and the differences between paired muscles were always less than 1 per cent of the muscle weight. Figures in parentheses indicate the number of pairs of muscles used in each experiment.
cles after the period of immersion. About half of the experiments showed no absorption aud half showed a liberation of K due to the drug, the maximum differences being in the order of 10 per cent. It is difficult to know why the differences are so large, but in any event there is no consistent effect due to the drug.
A similar conclusion results from the six experiments of Table V in which analyses were made in the solutions rather than in the muscles. Details are again provided in the legend under the table. The differences in the K contents of the two solutions were calculated in rnilllequivalents per kilo of muscle and are shown in the last column. In this case a plus sign indicates a liberation of K into the solution by the drug. Again, half the experiments showed a gain and half a loss of K by the muscles. The maximum loss of K amounted to only 2.14 m.eq. per kg. of muscle, which is about 3 per cent of the muscle content. The differences must be regarded, therefore, as merely random errors. It should be mentioned that in all these experiments except the last four in Table V , the d-tubocurarine was not neutralized and was found later to be rather acid. An increase in acidity is known to cause a liberation of K. These experiments failed to show any extra liberation of K in spite of the slightly increased acidity due to the drug.
In Table VI are shown the results of some similar experiments in which muscles were soaked in Ringer's solution with and without the addition of myanesin. Here again the results were negative, there being no consistent changes in the potassium which could be correlated with the drug. Two other series of similar experiments were tried. In the first there were 7 pairs of muscles immersed, each muscle in 5 ml. of solution; and in the second series 6 pairs, each muscle in 100 ml. of solution. In both cases one muscle of each pair had 0.1 per cent myanesin added to the Ringer's and the immersion periods were 2.7 hours at 23°C. Each muscle was analyzed separately. The average percentage differences (and standard errors) in the two series were respectively 4.5 4-3.1 and 2.9 4-2.8. Here again, therefore, no significant effect of this drug could be observed. This is not surprising since myanesin is supposed to exert its effect centraliy rather than on the myoneural junction.
Since it has been shown that nerves lose potassium when immersed in solutions containing acetylcholine (Fenn and Gerschrnan, 1950) and since perfused muscles lose potassium when acetylcholine is added to the perfusing solution, it seemed probable that other tissues including muscle would also lose potassium more rapidly when acetylcholine is added to the solution surrounding the muscles. A number of experiments were carried out to test this possibility by immersing 2 comparable pieces of frog tissue in 50 ml. of Ringer's solution each, one with and the other without 1/20,000 acetylcholine bromide plus 1/50,000 eserine salicylate. After about 3 hours in the cold room at 4°C. the tissue was removed, weighed, and analyzed for potassium. Weight changes were small and not influenced by the drug. The percentage differences in K between the experimental and the control (100 E-C)/C) for liver were -}-4.2 and -7.3; for kidney -2.46 and -11.6; for skin -19.6 and 0; for muscle 0, -8.7, -]-3.6, and -I-3.9. A later series of experiments using stronger acetylcholine (0.1 per cent) gave percentage differences of -bl.1, -}-8.7, --7.5, and -bS.0. Many more experiments would obviously be needed to establish a statistically reliable conclusion for liver, kidney, and skin, although no constant difference seems indicated by these experiments. In muscle, however, it might be concluded that the loss due to immersion in the acetylcholine is on the average 0.6 4-2 per cent (standard error) which is a totally negligible difference.
This negative result is rather surprising since the perfused muscles have regularly shown a loss of K with addition of acetylcholine. It seems probable, however, that this can be attributed to the difference in the conditions of the two types of experiments. Exposure of muscle to acetylcholine causes a contracture followed by a relaxation which is complete in 6 to 8 minutes. Since curare prevents the liberation of K it may be supposed that the period of liberation of K lasts little longer than the actual contracture, after which the K may be reabsorbed in recovery. The recovery uptake of K may be so slow as to be imperceptible in the perfusion experiments but the cumulative effect in prolonged immersion experiments might be sufficient to restore the muscle K to normal. This suggests that a very brief immersion period might reveal a loss of K which was not evident in longer experiments. To test this, four experiments were tried in which the muscles were removed from the solution and analyzed when the contracture is at its peak, 3 minutes after exposure to acetylcholine 0.1 per cent (without eserine) at 23°C. These experiments also showed no significant differences (--8.7, -7.4, q-0.7, and -}-2 .2 per cent). In so short a time as 3 minutes, of course, no loss of K could be expected to occur except from the most superficial fibers.
In these last experiments it will be noted that eserine was omitted so that any acetylcholine which penetrated the muscle might have broken down into choline and acetic acid. The resulting increase in acidity inside the muscle might tend to prevent the loss of K (cf. Fenn and Cobb, 1934) . It seemed possible also that eserine might have a metabolic effect, since Greig and Holland (1949) have shown that breakdown of acetylcholine provides energy for the transport of K into the interior of red cells. To test the possible effect of eserine in muscle, a series of fourteen experiments was tried in which matched muscles were immersed in Ringer's plus acetylcholine, one muscle having eserine (0.02 per cent) added and the other not. No significant differences were found in the K contents of the two muscles after immersion for 5 hours at 5°C. The acetylcholine concentrations used were 5, 50, and 1000 parts per million, the number of experiments with each being three, nine, and two respectively. Half of the experiments showed a greater loss with eserine and the other half a gain so that on the average there was no effect.
It seems evident that acetylcholine does not control the K intake in muscle • s it does in red cells. From these experiments it must be concluded that the K liberated by acetylcholine in perfused muscles is a rather transitory affair and may come from a very small fraction of the muscle, perhaps the myoneural junctions or the nerves contained in the muscle. The immersion technique is evidently not appropriate for the demonstration of this phenomenon. It might be mentioned also that the perfusion technique is much more sensitive for this type of exchange because a very small percentage of the muscle K can cause a relatively large percentage change in the concentration of K in the perfusate. Assuming a flow of 0.2 ml. per minute for 20 minutes and a change in K concentration due to acetylcholine of 0.45 m.eq. per liter (as in Table III) , it can be calculated that the total K removed was 0.0108 m.eq. Assuming that there are 10 gin. of muscle in the hind legs of a frog, this represents only 1.3 per cent of the K contained in the perfused muscles. Therefore, unless acetylcholine causes a continuing loss of K throughout the period of immersion, the loss expected from the perfusion data would be much too small to measure by analysis of the muscle itself. Acetylcholine 0.1 per cent represents 6 m.eq. per liter which by cation exchange should have liberated eventually nearly 10 per cent of the K in the muscle. Evidently, therefore, this mechanism does not operate and the loss of K observed in perfused muscles depends upon the physiological response of the muscle and is too smaU and/or too transitory to be observed in immersed muscles. SIyMWrARy 1. Experiments with perfused frog muscles and with isolated frog muscles immersed in Ringer's solution have failed to show any effect of curare in liberating potassium from muscle tissue. This makes it difficult to suppose that the paralytic effect of curare can be attributed to cation exchange between curare and K whereby a labile potassium compound needed for stimulation is removed from the neuromuscular junction.
2. Similar negative results were obtained with dihydro-~-erythroidine and myanesin.
3. A small liberation of K from perfused muscle does result from treatment with acetylcholine. This is probably due to the contracture of the muscle since the effect is largely eliminated by previous treatment of the muscle with curare. The amount of potassium lost in this way from perfused muscles is too small to detect when muscles are analyzed after immersion in Ringer's solution with and without acetylcholine. It is concluded that there is no significant cation exchange between acetylcholine and K in muscle, but only a small loss of K due to the contracture produced by the acetylcholine.
